Telomere length (TL) is a marker of cellular and biological aging. Human immunodeficiency virus (HIV) infection has been reported to be associated with short TLs, which suggests that accelerated biological aging occurs in some cellular compartments of HIV + individuals. In this study, we measured the TLs of peripheral leukocytes of HIV + and healthy individuals and examined the biological and environmental correlates of TL. We also investigated the influence of TL on leukoaraiosis, an indicator of cerebral small vessel disease, in HIV + individuals. Three hundred and twenty-five HIV + individuals who received stable combination antiretroviral therapy (cART) for >1 year and achieved viral loads of <40 RNA copies/mL were enrolled along with 147 healthy individuals. Relative TLs of leukocytes were estimated by quantitative real-time polymerase chain reaction. Leukoaraiosis was assessed in 184 HIV + individuals by fluid-attenuated inversion recovery magnetic resonance imaging. We analyzed several covariates, including markers of HIV infection, cART, and social/environmental factors; variables associated with TL length in univariate analyses were incorporated into multivariate models. The TLs of peripheral leukocytes of HIV + individuals were significantly shorter than those of healthy individuals, and the rate of LT length decline with increasing age was greater. Linear regression analysis showed that in HIV + individuals, increasing age, cART without integrase-stand transfer inhibitors (INSTI), failure to achieve viral loads of <40 copies/mL within 1 year of initiating cART, and substance use were significantly associated with shorter TLs, even after adjustment for the effects of age. Logistic regression analysis indicated an increasing risk of leukoaraiosis was associated with older age, shorter TLs, hypertension, and carotid artery plaque. Multivariate regression analysis indicated that older age and shorter TLs were significant risk factors for leukoaraiosis. In summary, our data showed that TL shortening in HIV + individuals was independently associated with leukoaraiosis, and was associated with age, control of viral loads, use of INSTI, and substance use. Our results suggest that effective viral control and less toxic cART can help reduce TL shortening and improve outcomes among HIV + individuals.
Introduction

HIV
+ individuals are at increased risk of age-related non-acquired immunodeficiency syndrome (AIDS) morbidity and mortality compared with healthy individuals. In recent years, premature aging (i.e., non-chronological biological aging mediated by accelerated cellular senescence) has become an important issue in HIV infection [1] . To bridge the gap between chronological and biological age, effective and validated biomarkers of aging are needed to predict the health outcomes of individuals with HIV, especially in the elderly. Telomeres are specialized structures at the ends of chromosomes that undergo shortening with each cell division, subsequently leading to telomere loss and the end replication problem in actively-dividing tissues [2] . In most inactive tissues, cellular environmental factors such as inflammation and oxidative stress are important factors contributing to telomere loss [3] . Measures of telomere length (TL) have shown synchronicity across tissues in the same individual [4, 5] . For this reason, TL is an indicator of cellular senescence [6] and is considered an effective and validated biomarker of aging. TL shortening is associated with a wide range of conditions including cardiovascular disease [7] , renal dysfunction [8] , osteoporosis [9] , cancer [10] , dementia [11] and some other age-related diseases [12, 13] . HIV infection has been reported to be associated with short TLs. During HIV infection several factors, such as chronic immune activation, inflammation, oxidative stress, HIV proteins, and cART, may contribute to premature TL shortening [10, 14, 15] . However, previous studies have reported conflicting findings as to which factors are essential for TL shortening, potentially due to differences among study subjects. Thus, in this study we sought to investigate leukocyte TL (LTL) in cART-treated HIV + individuals who achieved viral control and to identify the factors associated with shorter LTLs in these individuals. Leukoaraiosis is a typical marker of cerebral small vessel disease, which is one of the most common degenerative vessel disorders of the aging brain. Leukoaraiosis has been reported to be associated with both HIV infection [16] and advancing age [17] , and represents several different changes in white matter such as partial loss of myelin, oligodendroglia and axons, fibrohyalinosis, activation of macrophages, and dilated perivascular spaces [18, 19] . Leukoaraiosis can be measured by examining white matter hyperintensity (WMH) on fluid attenuated inversion recovery (FLAIR) images obtained from magnetic resonance imaging (MRI). Leukoaraiosis is associated with increased risk of stroke, cognitive and functional impairment, dementia, and death [20] , all of which are involved in age-related vascular risk factors. Therefore, leukoaraiosis is an indicator of biological aging of the brain [21] . Recently, as more people are living longer with HIV, HIV-Associated Neurocognitive Disorder (HAND) has become an important issue. Inflammation caused by HIV infection contributes to HAND pathogenesis and is associated with WMH and brain atrophy. Several vascular risk factors have been studied as potential predictors of HIV associated neurocognitive complications [22] . In this study, we also investigated the relationship between leukoaraiosis and LTL and examined the usefulness of LTL as a biomarker of brain aging.
Materials and methods
Ethics statement
This study was approved by the Ethics Committee of Kyushu Medical Center (ethics reference number: 11-95) and conformed to the principles laid out in the Declaration of Helsinki. All study participants provided written informed consent.
Study participants
Three hundred and twenty-five chronically HIV + individuals on stable cART for >1 year who achieved viral loads <40 RNA copies/mL were enrolled, and 147 age/sex frequency matched HIV-seronegative healthy volunteers were recruited among the employees of Kyushu Medical Center. Sociodemographic information of participants is shown in Table 1 . The following criteria were evaluated as covariates in the analyses: hypertension as defined by prior physician's diagnosis; systolic blood pressure >140 mmHg, diastolic blood pressure >90 mmHg, or the use of antihypertensive drugs; and substance abuse, defined by both past history and current use of any illicit/controlled substance.
Measurement of TLs of peripheral blood leukocytes
DNA was extracted from peripheral blood leukocytes (PBLs) using a QIA amp Blood Mini kit (QIAGEN Inc., Tokyo, Japan). LTL was measured using real-time quantitative PCR as previously described [23] and expressed as a ratio to the copy number of the housekeeping gene, β2 microgloblin. A standard curve was prepared with genomic DNA of three HIV -healthy volunteers by serial dilution. Genomic DNA extracted from a T-cell leukemia cell line, MOLT, was included as a reference in each PCR reaction to control for inter-assay variation. A negative control reaction without template was included in all PCR experiments. All samples were amplified in triplicate together with reference samples and negative controls. Data were expressed as a percentage of the telomere length of MOLT cells.
MRI scans and WMH quantification
WMH was assessed in 184 HIV + individuals by FRAIR imaging. All hyperintense subcortical lesions on FLAIR images (regardless of whether they occurred in white or subcortical grey matter) were labeled WMH. Segmentations were checked and reviewed by trained raters. At the time of reviewing MRI images, the raters were blinded to the patient's identity and demographic factors and had not participated in the patients' clinical care. 
Statistical analysis
We analyzed several covariates including markers of HIV infection, antiretroviral therapy, and social/environmental factors. In linear regression analyses to identify factors associated with LTL in HIV + individuals, variables associated with TL length in univariate analyses (age, substance abuse, failure to achieve viral suppression after starting cART, cART regimen) were incorporated into multivariate models. Logistic regression analysis was used to identify variables associated with WMH. Variables associated with WMH by Mann-Whitney or Chisquared tests were used in logistic regression models. First, each risk factor was modeled using univariate logistic regression. Subsequently, a multiple logistic regression model was constructed including all risk factors used in univariate logistic regression.
Results
Characteristics of study participants
Characteristics of the 325 HIV + individuals and 147 healthy volunteers (frequency matched for age and sex) are shown in There was an inverse association between advancing chronological age and LTL. In HIV + individuals, the rate of LTL decrease with advancing chronological age was faster than in HIV -individuals (Fig 1) .
Factors associated with LTL
To investigate the factors associated with LTL in HIV + individuals, univariate regression analyses were performed for HIV + individuals. Older age, past/present history of substance use, failure to achieve viral loads <40 RNA copies/mL within 1 year of initiating cART, and cART without INSTI were significantly associated with shorter TLs (Fig 2) . These factors were all independently associated with shorter TLs in multivariate regression analyses adjusting for all other factors (Table 2) . Neither plasma HIV viral load before cART, current CD4 count, CD4 nadir, nor duration of cART treatment showed any association with TL. In univariate logistic regression analysis, these four factors (older age, shorter LTLs, hypertension, and carotid artery plaques) were significantly associated with WMH. All four factors were included in multiple regression models, which showed that older age and shorter LTLs remained significant predictive factors associated with WMH (Table 4) .
Factors associated with WMH
Discussion
The precise mechanisms of shorter LTLs in HIV + individuals remain unknown. Recently, shorter LTLs have been suggested to arise from changes in immune cell subsets in peripheral blood with respect to both frequency and differentiation state, rather than a global TL shortening among all leukocytes [24] . The proportion of more mature and differentiated innate and adaptive immune cells with shorter TLs increase among PBLs, which accounts for the reduced LTLs observed in HIV + individuals. However, the biological significance of such changes still needs to be determined, and factors associated with shorter LTLs differed across studies, potentially due to the variety of backgrounds of study participants. This study included 325 patients with HIV viral loads <40 RNA copies/mL who received cART for >12 months. We observed that shorter LTLs in HIV + individuals were strongly associated with advancing age, cART without INSTI, failure to achieve viral control after initiation of cART, and substance use. The data are presented as means ± standard errors for age, BMI, telomere length, LDL-C, HDL-C, nadir CD4 count, HIV RNA viral load, and duration of cART. occurs as a result of disruption of small penetrating arteries in the brain; the condition is common past age 80, but occurs minimally before age 60 [35] . During HIV infection, vascular damage may be caused by HIV itself, by some antiretroviral drugs, by metabolic complications such as dyslipidemia, insulin resistance, and diabetes, by low-grade chronic systemic or local inflammation, or by co-infections such as hepatitis C or cytomegalovirus. Microbial translocation, including fungal translocation from the gut, also contributes to chronic inflammation and immune activation during HIV infection, and a potential link between fungal translocation and neurocognitive impairment has been demonstrated [36] . Thus, vascular damage continues to occur in HIV + individuals in spite of cART, and leukoaraiosis is observed at younger ages and progresses at a higher rate than in uninfected individuals. In our study, shorter LTL was independently associated with leukoaraiosis. Inflammation and oxidative stress might mediate the association between LTL and leukoaraiosis, because they are involved in both vascular damage and LTL shortening. Therefore, LTL shortening could predict changes in brain structure and function. One might use LTL shortening as an indicator to manage modifiable risk factors for white matter damage, such as metabolic complications, before the development of significant functional impairments. As HIV + individuals age, it will become more important to investigate the influence of HIV infection, comorbid conditions, and age on brain structure and function. This study had several limitations. As our study had a cross-sectional design, we were able to assess associations between WMH and LTL, but could not describe the predictive value of 
